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Introduction 

The search for a model substrate to use in evaluating relative 
reactivity of H-donors, under coal liquefaction conditions has led to 
this study of o-terphenyl. 

The stability of biphenyl, terphenyls, quaterphenyls, and 
polyphenyls in the absence of H-donors has been demonstrated by their 
high bond dissociation energies between aromatic rings (r, 2) .  
Therefore, they have practical application as coolant moderators in 
nuclear power plants (2). This stability is gained in part from the 
orbital overlap of the carbon atoms in the interannular C-C bond. The 
melting point of p-terphenyl is 2OE0C, and of hexiphenyl is 469OC. 
Their UV absorption at 278 and 318 nanometers, respectively, are 
indications of the increased stability as the number of benzene rings 
increases and resonance stabilization increases. The thermal 
temperature (defined as the temperature flO'C at which decomposition 
rate is 1 mole % per hour) for m-terphenyl was 485'C and for the p- 
isomer was 478" (3) .  The same workers studying the problem of 
polymerization of polyphenyls and its control in nuclear power plants 
found one solution to the build up of the high molecular weight 
polymers. Reclamation by catalytic hydrocracking to reduce molecular 
weight in every case lowered the decomposition temperature to 320'- 
4OO0C due to formation of 20% methylated and ethylated products. 

Reaction of polyphenyls under coal liquefaction conditions has 
been reported (4) .  The compound o-terphenyl (OTP) was found to couple 
irreversibly to form the very thermally stable triphenylene in the 
presence of an H-donor without a catalyst. Formation of different 
amounts of triphenylene with different H-donors suggested that o- 
terphenyl was a good candidate as a model substrate for study of the 
relative abilities of H-donors to react. Two other model substrates, 
1,l'-binaphthyl (2) and dibenzo(c,g)phenanthrene (L),  were also found 
to couple at different rates indicating they, too, would be possible 
substrates which could be used to differentiate the effectiveness of 
H-donors. Dibenzo(c,g)phenanthrene was difficult to prepare, and it 
coupled in the absence of H-donor and gave other hydrogenated isomers 
without coupling. o-Terphenyl formed extremely small amounts of 
coupled product compared to 1,l'-binaphthyl; consequently, the latter 
was judged to be the best model substrate of the three compounds to 
use in studying the effect of H-donors on the coupling reaction. 

A n  unexpected result in the reaction of o-terphenyl and H-donors 
without catalyst was the large production of biphenyl. A s  much as 60% 
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c l e a v a g e  r e a c t i o n  t o  y i e l d  b i p h e n y l  was o b s e r v e d  w h i l e  c o u p l i n g  
r e a c t i o n  t o  y i e l d  t r i p h e n y l e n e  was a l w a y s  l e s s  t h a n  5 % .  The  r a t e s  o f  
b i p h e n y l  f o r m a t i o n  v a r i e d  w i t h  t h e  p a r t i c u l a r  H-donor  u s e d ,  s u g g e s t i n g  
t h a t  t h i s  c l e a v a g e  r e a c t i o n  c a n  be u s e d  t o  c o m p a r e  r e a c t i v i t y  o f  H- 
d o n o r s  a t  h i g h  t e m p e r a t u r e s .  T h i s  p a p e r  d i s c u s s e s  r e s u l t s  o f  c l e a v a g e  
r e a c t i o n  s t u d i e s  w i t h  o - t e r p h e n y l .  

Results and Discussion 

A l l  r e a c t i o n s  were c a r r i e d  o u t  in 1 / 2 "  G y r o l o k ,  P a r k e r ,  o r  S w a g e l o k  
u n i o n s .  E q u i m o l a r  a m o u n t s  o f  H-donor  a n d  o - t e r p h e n y l  w e r e  a d d e d  t o  
t h e  r e a c t i o n  v e s s e l .  I t  was  f i l l e d  w i t h  b e n z e n e  s o l v e n t ,  a n d  s e a l e d  
w i t h o u t  a d d i t i o n  o f  a g a s .  The r e a c t o r  w a s  t h e n  p l a c e d  in a f l u i d i z e d  
s a n d  b a t h  c o n t r o l l e d  a t  470f2'C. A n a l y s e s  o f  t h e  r e s u l t i n g  p r o d u c t  
m i x t u r e s  w e r e  c a r r i e d  o u t  on a g a s  c h r o m a t o g r a p h  p r o g r a m m e d  75*-300° 
a t  15'/min, 6 '  x 2 m m  I D  D e x s l l  300 c o l u m n .  

T h e  d e t e r m i n a t i o n  of  k i n e t i c  r a t e  c o n s t a n t s  p r o v i d e d  some  i n s i g h t  
i n t o  t h e  m e c h a n i s m  o f  t h e  r e a c t i o n .  R e a c t i o n s  w e r e  r u n  f o r  1 ,  2 ,  3 ,  
4 ,  a n d  5 h o u r s  w i t h  e q u i m o l a r  a m o u n t s  o f  s e v e r a l  m o d e l  H - d o n o r s  t h a t  
w e r e  a b l e  t o  w i t h s t a n d  t h e  s e v e r e  c o n d i t i o n s .  M a s s  b a l a n c e  was 
o b t a i n e d  i n  m o s t  c a s e s  a c c o u n t i n g  f o r  b o t h  H-donor  a n d  o - t e r p h e n y l .  
T h e  a p p e a r a n c e  o f  t r i p h e n y l e n e  a n d  b i p h e n y l  w e r e  f i t t e d  t o  b o t h  f i r s t  
o r d e r  a n d  a u t o c a t a l y t i c  r a t e  e x p r e s s i o n s .  T h e  b e s t  f i t  f o r  t h e  
a p p e a r a n c e  o f  t r i p h e n y l e n e  was t h e  a u t o c a t a l y t i c  r a t e  e x p r e s s i o n ;  
h o w e v e r ,  t h e  f i r s t  o r d e r  e x p r e s s i o n  c o r r e l a t e d  n e a r l y  a s  w e l l .  The  
f o r m a t i o n  o f  b i p h e n y l  a p p e a r e d  t o  f i t  t h e  p s e u d o  f i r s t  o r d e r  r a t e  
e x p r e s s i o n .  T h e  r e s u l t i n g  y i e l d s  a n d  r a t e  c o n s t a n t s  f o r  t h e  v a r i o u s  
H - d o n o r s  w i t h  o - t e r p h e n y l  t o  f o r m  t r i p h e n y l e n e  a n d  b i p h e n y l  a r e  shown  
in T a b l e  I .  

T h e  r a t e  c o n s t a n t s  f o r  t h e  f o r m a t i o n  o f  t r i p h e n y l e n e  w i t h  
d i f f e r e n t  H - d o n o r s  o v e r  f i v e  h o u r s  c o m p a r e d  r e l a t i v e l y  w e l l  w i t h  t h e  
o n e - h o u r  y i e l d  d a t a .  H y d r o g e n a t e d  h e t e r o c y c l e s  s u c h  a s  
t e t r a h y d r o q u i n o l i n e  w e r e  t o o  t h e r m a l l y - u n s t a b l e  t o  s t u d y  u n d e r  t h e s e  
c o n d i t i o n s .  T h e  f a c t  t h a t  t r i p h e n y l e n e  a n d  b i p h e n y l  f o r m a t i o n  f i t  
d i f f e r e n t  r a t e  e x p r e s s i o n s  w a s  s i g n i f i c a n t .  T h e  a u t o c a t a l y t i c  
f o r m a t i o n  of  t h e  c o u p l e d  p r o d u c t  ( t r i p h e n y l e n e  f r o m  OTP) s u g g e s t e d  
t h a t  a n o t h e r  s p e c i e s  ( p e r h a p s  t h e  h y d r o g e n a t e d  i n t e r m e d i a t e )  was 
i n v o l v e d  i n  t h e  c o u p l i n g .  A s  t h i s  s p e c i e s  was g e n e r a t e d  more c o u p l i n g  
o c c u r r e d .  

A r a d i c a l  c a p p i n g  m e c h a n i s m  d i d  n o t  e x p l a i n  t h e  k i n e t i c s  d a t a .  
R a t h e r ,  c o u p l i n g  o f  t h e  o - t e r p h e n y l  by i n d u c t i o n  b y  a s e c o n d a r y  H- 
d o n o r  s e e m e d  m o r e  j u s t i f i a b l e .  T h e  9,lO-dihydrophenanthrene 
d e c o m p o s e d  t o  a v e r y  s m a l l  c o n c e n t r a t i o n  w i t h i n  o n e  h o u r  (i), y e t  
t r i p h e n y l e n e  c o n t i n u e d  t o  i n c r e a s e .  E v e n  i n  t h e  c a s e  of t e t r a l i n  
w h i c h  d e c o m p o s e d  a t  a c o n s t a n t  r a t e ,  t h e r e  a p p e a r e d  t o  b e  
a u t o c a t a l y t i c  f o r m a t i o n  o f  t h e  c o u p l e d  p r o d u c t .  

A n o t h e r  way t o  i n v e s t i g a t e  t h e  m e c h a n i s m  w a s  t o  s t u d y  t h e  
d i f f e r e n c e s  a n d  s i m i l a r i t i e s  o f  r e a c t i o n s  o f  t h e  i s o m e r i c  
t e r p h e n y l s .  S i n c e  c l e a v a g e  was i n v o l v e d ,  t h e  o r t h o - i s o m e r  h a d  n o  
p r e d i c t a b l e  a d v a n t a g e  a s  a m o d e l  s u b s t r a t e .  Two o f  t h e  i s o m e r s ,  m- 
t e r p h e n y l  a n d  o - t e r p h e n y l  w e r e  r e a c t e d  w i t h  o n e  H - d o n o r ,  t e t r a l i n ,  f o r  
1 ,  2 ,  5 ,  4 ,  a n d  5 h o u r s ,  a n d  t h e  p r o d u c t s  w e r e  a n a l y z e d  by  t h e  u s u a l  
m e t h o d .  p - T e r p h e n y l  w a s  f o u n d  t o  be q u i t e  i n s o l u b l e  i n  m o s t  s o l v e n t s  
a n d  r e a c t i o n  t i m e s  o f  1 ,  3 ,  a n d  5 h o u r s  w e r e  s e l e c t e d .  The  r e s u l t s  
a r e  s u m m a r i z e d  i n  T a b l e  11. 

One d e u t e r a t e d  H-donor  9 , 9  ,IO ,10-d4-9,10-dihydrophenanthrene was 
r e a c t e d  f o r  t h r e e  h o u r s  w i t h  o - t e r p h e n y l  i n  b e n z e n e .  The  t e n d e n c y  

T 

t o w a r d  r a n d o m  s c r a m b l i n g  f r o m  t h e  d e u t e r a t e d  H-donor  t o  t h e  p r o d u c e d  I 
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b i p h e n y l  was s t u d i e d  b y  r e a c t i n g  t h e  d e u t e r a t e d  H - d o n o r  w i t h  b i p h e n y l  

e x c h a n g e ,  no c l e a r  c u t  m e c h a n i s t i c  i n f o r m a t i o n  was o b t a i n e d .  
The  a p p l i c a t i o n  o f  t h i s  r e a c t i o n  o f  o - t e r p h e n y l  t o  d e t e r m i n e  

r e l a t i v e  r e a c t i v i t y  o f  c o a l - d e r i v e d  l i q u i d s  was s t u d i e d  by  r e a c t i n g  
e q u a l  w e i g h t s  o f  o - t e r p h e n y l  a n d  v a r i o u s  s t a r t  up  a n d  c o a l - d e r i v e d  
r e c y c l e  s o l v e n t s  p r o d u c e d  in t h e  U N D  E n e r g y  R e s e a r c h  C e n t e r  c o n t i n u o u s  
p r o c e s s  c o a l  l i q u e f a c t i o n  p i l o t  p l a n t .  T h e  l i q u i d s  u s e d  w e r e  f r o m  t h e  
e n d s  o f  r u n s  w h i c h  h a d  u n d e r g o n e  s e v e r a l  r e c y c l e  p a s s e s  i n  a r e d u c i n g  
a t m o s p h e r e ,  a n d  w h i c h  h a v e  b e e n  w e l l  c h a r a c t e r i z e d  (a). The  r e s u l t s  
o f  t h e  r e a c t i o n s  a r e  s u m m a r i z e d  i n  T a b l e  111. T h e  v a l u e s  o f  b i p h e n y l  
p r o d u c e d  w e r e  o b t a i n e d  by t h e  d i f f e r e n c e  o f  t h e  b i p h e n y l  a f t e r  
r e a c t i o n  a n d  t h e  i n i t i a l  a m o u n t  of b i p h e n y l  i n  t h e  c o a l  l i q u i d .  

The  u n i q u e  f e a t u r e  i n  t h e  t h r e e  h o u r  o - t e r p h e n y l  r e a c t i o n s  w a s  
t h e  f o r m a t i o n  o f  b i p h e n y l  i n  s i g n i f i c a n t  q u a n t i t i e s  i n  most c a s e s  a n d  
in d i f f e r i n g  a m o u n t s  s h o w i n g  d i f f e r e n c e s  in t h e  a b i l i t y  o f  t h e  
s o l v e n t s  t o  a f f e c t  t h i s  c l e a v a g e .  One t h i n g  n o t i c e a b l y  d i f f e r e n t  i n  
r u n n i n g  t h e s e  r e a c t i o n s  was t h e  s m a l l  a m o u n t  of  g a s  p r e s s u r e  in t h e  
r e a c t o r  a t  t h e  e n d  o f  t h e  r e a c t i o n  c o m p a r e d  w i t h  t h e  h y d r o g e n a t e d  
m o d e l  H - d o n o r s .  

I n  summary ,  o - t e r p h e n y l  c o u p l e s  i n  t h e  p r e s e n c e  oE m o d e l  H - d o n o r s  
a n d  many c o a l  d e r i v e d  s o l v e n t s  t o  f o r m  t r i p h e n y l e n e ,  a n d  f o r m s  
b i p h e n y l  by c l e a v a g e .  T h e  l a t t e r  r e a c t i o n  i s  o f  more  i n t e r e s t  as  t h e  
y i e l d s  a r e  s u b s t a n t i a l ,  a n d  t h e  y i e l d s  h a v e  a p p l i c a t i o n  t o  t h e  s t u d y  
o f  p r o p e r t i e s  o f  s o l v e n t s .  A t t e m p t s  t o  e l u c i d a t e  t h e  m e c h a n i s m  
i n v o l v e d  k i n e t i c  s t u d i e s ,  a n d  r e a c t i o n  w i t h  a d e u t e r a t e d  H - d o n o r .  T h e  
b e s t  m e c h a n i s m  a p p e a r s  t o  b e  t h a t  in w h i c h  t h e  l o w  s t e a d y - s t a t e  
c o n c e n t r a t i o n  o f  r e a c t i v e  H-donor  a t t a c k s  e i t h e r  i p s o  p o s i t i o n  i n  o -  
t e r p h e n y l  f o l l o w e d  by c l e a v a g e  (L). T h i s  m e c h a n i s m  is known t o  o c c u r  
a t  h i g h  t e m p e r a t u r e s .  

L i t e r a t u r e  C i t e d  

I u n d e r  t h e  same c o n d i t i o n s  i n  a s e p a r a t e  e x p e r i m e n t .  Due t o  e x c e s s i v e  

1 .  

2 .  
3 .  

4. 

5 .  

6 a .  

b.  

C .  
7 .  

S t r e i t w e i s e r ,  J r . ,  Andrew;  a n d  H e a t h c o c k ,  C l a y t o n  H. 
" I n t r o d u c t i o n  t o  O r g a c i c  C h e m i s t r y , "  2nd  e d . ,  M c M i l l a n  P u b l i s h i n g  
Co . ,  I n c . ,  1 1 9 4  ( 1 9 8 1 ) .  
V e r n o n ,  L o n n i e  W .  Fuel. 2, 1 0 2  ( 1 9 8 0 ) .  
S c o l a ,  D a n i e l  A . ;  a n d  Adams ,  J r . ,  J o h n  S .  I n d .  Eng .  Chem. P r o d .  
R e s .  D e v e l o p . ,  c, 417  ( 1 9 7 1 ) .  
K l i n e ,  E u g e n e  A . ;  a n d  F a r n u m ,  B r u c e  W .  A m .  Chem. S O C .  D l v .  F u e l  
Chem. P r e p r i n t s ,  28, 155  ( 1 9 8 3 ) .  
K l i n e ,  E u g e n e  A.; H a r r i s o n ,  Mark E.; a n d  F a r n u m ,  B r u c e  W .  A m .  
Chem. S O C .  D i v .  F u e l  Chem. P r e p r i n t s ,  27,  1 8  ( 1 9 8 2 ) .  
F a r n u m ,  S y l v i a  A . ;  F a r n u m ,  B r u c e  W . ;  B i t z a n ,  Edward  F . ;  W i l l s o n ,  
W a r r a c k  G .  a n d  B a k e r ,  G e n e  G .  F u e l  2, 7 9 9 ( 1 9 8 3 ) .  
Q u a r t e r l y  T e c h n i c a l  P r o g r e s s  R e p o r t  DOE/FC/QTR 82/2 ( D E 8 3 0 1 3 3 8 3 )  
G r a n d  F o r k s  E n e r g y  T e c h n o l o g y  C e n t e r ,  G r a n d  F o r k s ,  N D  ( 1 9 8 3 ) .  
Runs  1 0 1  a n d  1 0 3 ,  U n p u b l i s h e d  R e s u l t s ,  U N D E R C .  
M c M i l l a n ,  D o n a l d  F. ;  O g l e r ,  W a l t e r ;  C h a n g ,  S o u - j e n ;  F l e m i n g ,  
R o n a l d  H . ;  a n d  M a l h o t r a ,  R i t u d a m i n .  P r o c e e d i n g s  o f  I n t e r n a t i o n a l  
C o n f e r e n c e  o n  C o a l  S c i e n c e ,  P i t t s b u r g h ,  P A ,  A u g u s t  1 5 - 1 9 ,  1 9 8 3 ,  
p p .  1 9 9 - 2 0 3 .  

11 

4 



Table I. Results of Reactions of H-Donors 
and o-Terphenyl 

Triphenylene* 
Yield k /sec) 

( X I 0  s 1 H-Donor 

Blank 0.1 -- 
1,2,3,4-detrahydro- 

naphthalene 2.9% 7.2 

1.2-Dihydronaph- 
thalene 2.7 -- 

1.4-Dihydronaph- 
thalene 2.5 6.4 

Fluorene 2.9 1 .6 

Indane 7.1 9 .a 
Indene 3.7 a .5 

9 ,IO-Dihydrophen- 
anthrene 3.2 7 .o 

9,lO-Dihydroan- 
thracene 1 .o 3.3 

Biphenyl** 
Yield k$/sec) 

( Y l O  1 

-- 3 x  

60 1.9 

5 4  1.3 

4 1.3 

60 1 . 4  

3 0  2.5 

4 6  1 .a 

3 4  2.6 

4 7  1.6 

*Triphenylene/initial OTP (one hour reaction) 
(autocataly t ic) 

(Pseudo first order) 
**Biphenyl/initial OTP (five hours reaction) 
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*Modelled pseudo-first order as best fit. 

T a b l e  11. Results of Reactions of the T e r  henyls w i t h  
Tetralin at 47OoC (rate constants - x 10' m l n  - ' )  

0-Terphenyl m-Terphenyl* p-Terphenyl* 

k = 2  .O k ~ 2 . 4  k - 2  .O 
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T a b l e  111. R e s u l t s . o f  R e a c t i o n s  o f  C o a l  D e r i v e d  
L i q u i d s  w i t h  o - T e r p h e n y l  a t  47OoC f o r  3 H o u r s  

C o a l  
D e r i v e d  
S c l v e n t  

101PB21 

101PB40 

6 7 P B 2 3  

64PB25 

6 5 P B 2 3  

53PB18 

P r o j e c t  
L i g n i t e  
R e c y c l e  
S o l v e n t  

C r o w l e y  
A04 

SCR M i d .  
D i s t .  

Z a p ,  N D  l i g n i t e ,  p a s s  1 2 ~  

Z a p ,  N D  l i g n i t e ,  p a s s  40' 

6 8 %  

37 

Wyodak S u b b i t u m i n o u s ,  p a s s  l Z a  5 

B i g  Brown-Texas  l i g n i t e , a  
p a s s  1 3  67 

B e u l a h ,  N D  l i g n i t e ,  1 2  p a s s e s a  67 

P o w h a t a n  B i t u m i n o u s ,  p a s s  l a a  38  

Z a p ,  ND l i g n i t e ,  U N D  PDU 2 8  

T y p i c a l  A n t h r a c e n e  O i l  

F o r t  L e w i s  P i l o t  P l a n t  
( P o w h a t a n  c o a l )  

1 3  

25 

a ) R e c y c l e  s o l v e n t s  f r o m  t h e  U n i v e r s i t y  o f  N o r t h  D a k o t a  
E n e r g y  R e s e a r c h  C e n t e r  c o n t i n u o u s  p r o c e s s  u n i t .  
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